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Cultured adherent cells from marrow can serve as lons-lastini? 
precursor cells for bone, cartilage, and lung in irraSatednSSf 



Communicated by Darwin J. Prockcp, February 2$ 1995 

ABSTRACT Celts from transgenic mice expressing a hu- 
man mini-gone for collagen I were used as markers to follow 
the fate of mesenchymal precursor cells from marrow thai 
were partially enriched by adherence to plastic, expanded In 
culture, and then Injected into Irradiated mice. Sensitive PCR 
assays for the marker collagen 1 gene Indicated that few of the 
donor cells were present in the recipient mice after 1 week, bnt 
"5 "J 01 ? 11 * Iater ' d < mnr 06,19 accounted lor 1.5-12% ofthe 
cells In bone, cartilage, and lung In addition to marrow and 
spleen. A PCR in situ assay on rang indicated that the donor 
cells diffusely populated the parenchyma, and reverse tra* 
smption-PCR assays indicated that the marker collagen I 
gene was expressed In a tissue-specific manner. The results, 
therefore, demonstrated that mesenchymal precursor cells 
from marrow that are expanded in culture can serve as 
long-lasting precursors for mesenchymal cells in bone, carti- 
lage, and lung. They suggest that cells may be particularly 
attractive targets for gene therapy ex vivo. 

Many recent efforts at gene therapy have pursued the strategy 
of isolating hematopoietic stem cells from hone marrow 
genetically altering the celte ex vivo, and then returning the 
cells to panents (sec refe. 1-6). In addition to hematopoietic 
stem cells, marrow contains mesenchymal precursor cells (6) 
that produce fibrous tissue, bone, or cartilage when implanted 
into appropriate tissues in vivo (7-10) and that generate 
colonic* of fibroblastic (6, 11-17), adipocytic (14), and osteo- 
genic (14) ceils when cultured under appropriate conditions. 
One of the most distinctive features of mesenchymal cells that 
synthesize bono, cartilage, and other connective tissues is their 
high level of expression of genes for specific types of collagen 
(see rcf. IS). Here we have used cells from a transgenic mouse 
line that expresses a human mini-gene fox collagen 1 in a 
tissue-specific manner (19-21) to see whether precursor mes- 
enchymal cells from marrow that are expanded in culture can 
serve as long-term precursors of hone and other connective 
tissues after intravenous infusion into irradiated mice. 

MATERIALS AND METHODS 

Preparation of Donor Cells. Cultured adherent ceils from 
marrow were prepared from transgenic mice expressing a marker 
human COUA1 mini-gene (19-21). Freshly isolated nonadher- 
ent cells from marrow were prepared from normal mice of the 
same inbred FVB/N strain. Tfoias and femurs wens dissected 
item 8- to 10*week«old mice, the ends of the bones were cut, and 
manow was flushed out with 2 ml of ice-cold ^modified mini- 
nmm essential medium (a-MEM; Sigma) containing 10% (vol/ 
vol) fetal bovine serum (FBS) by using a needle and syringe. The 
pooled marrow cells were Aspersed by agitation in the syringe 
and the cells were counted electronically by using a Coulter model 
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ZM counter. Prom 5 x 10* to 5 X 10? nucleated bone marrow 
ceUs m 25 ml of asMEM 10% FBS were plated onto 7S-cm* 
culture flasks. After 4 h, nonadherent cells were removed by 

T ^^i S ^T*? 6 f dhfiItnt Wcrc expanded from 5 
X 10* to 1 X 10 7 cells by culture for 7^10 days with replacement 
of rnemura on day 7, The cells were recovered by digestion with 
0.25% trypsin for 20 min. * 

Radiation and Transplantation. Recipients were 8- to 10- 
week-old normal FVB/N mice. Before cell infusions, half the 
mice were irradiated with a « 7 Gs irradiator (Atomic Energy 
Ottawa) The unit had a dose rate of 116 cGy/aiin with a parallel 
opposed beam configuration. Each animal received 9.0 Gy in two 
45-Gy sessions with a 4-h interval between (22). One to 2 h after 
the second irradiation, a mixture of 1 x 10 s cultured adherent 
cells from the transgenic mice and 6 x i(fi freshly isolated 
nonadherent cells from normal mice in 0 J ml of a-MEM/10% 
FBS was injected into a tail vein of each recipient. 

D ?J A . Assflys - F * ea % dissected tissue was quick frozen in 
liquid nitrogen. The tissue was then wrapped in aluminum foil 
and crushed with a hammer, A small aliquot of the crushed 
tissue was taken for DNA assays, and the rest of the tissue was 
used to extract RNA+ For DNA isolation, the tissue was 
incubated at 55°C overnight in 0.2 ml of 10 mM Tris-HCL P H 
8.0/50 mM Kd/5 mM Mgd 2 gelatin (0.5 rag/ml)/l% Brij 

^JS^*^*. K (0 " 4 m fi /mj )' Th€ DNA was denatured at 
lOtrC far 8 mm and immediately cooled on ice, PCR primers 
were designed to amplify simultaneously both the marker 
mim-gcue for human type I procollagen (COLlAl) and the 
endogenous COL1A1 gene (referred to hereafter as the mouse 
COLlAl gene) and to produce products of different length 
that were easily distinguishable by PAGE (21). A two-primer 
assay was developed to assay samples with a low ratio of the 
marker gene to the endogenous gone and a three-primer assay 
was developed to assay higher ratios (Fig. 1), In both assays, the 
5' primer (BS49, CAGTCGTCGGAGCAGACOGGAGTTT) 
hybridized to a sequence common to exon 1 of both human and 
endogenous mouse COLlAl genes. The primer was end- 
labeled with p 2 P]dATP by using the T4 polynucleotide kinase 
termmus-labeling system (GIBCO/BRL), For the two-primer 
assay, the 3' primer (BS47> ACTCCCCAGAGTTTGGAA- 
CTTACTGTC) was targeted to a downstream sequence of 
exon 1 in the human sequence but the same primer also 
amplified a homologous region in the mouse COLlAl gene. 
Because of a natural deletion in the mouse sequence, the 
product from the human gene was 285 bp and the product from 
the mouse gene was 225 bp. In the three-primer assay, a second 
£ Primer < BS4fi ' ACTCCCAA A AGTTTG GG ACTTACT- 
GTQ was targeted to mouse sequence and the product from 
the mouse gene was again 225 bp. The conditions for PCR were 
1 min at 94°C and 2 min at 67°C for 31 cycles. Ten microliters 
of the reaction products was denatured at 100°C for 8 min and 
electrophoresed on a 7% polyacryiamide gel containing 6 M 



Abbreviations: FBS, fetal bovine serum; RT, reverse traiiflcription 
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10* 10 s l(F loo 102 
Ratio of DNA (Human/mouse) 
Fial. PCR a&saya of mouse COL1A1 gene (M) and mmter eene 
onZ^f mm, 1° L ^ (H) ' were ibS^S 

tasted The gelt were assayed with a phosphostimulabic storaw 
plate (Phosphorlmager, Molecular DynanSw)^) Tw^^w kS 

.Sl^l ^? C W' (*) Three-primet PCR assay of same 

r^. Ttarefcre, tht fa, tend, arc ^StotoJ^T^ 
urea. The gel was fixed, dried, and assayed by exposing the eel 

J^Jt******- ^t»l ffUular RNA was Mated from dunes 
^extraction with acidic guanidiniurn thiocyanate/phenol/ 
chlorofbrm and precipitation with isopropanol (23). One to 5 
of total RNA was revene-tnuwibed Tin a 2&£«*£on 

tACTCGOC) that was specific for the 3' ends of both the 

onvl n aa i m ? tt !5 mRNAs and a "*k«t kit tor first-strand 
cDNA^th^ (Superscript, GIBCO/BRL). The cDNAwafl 
amplified in a reaction mixture by using each primcrat 
50 P M and a PCR reagent kit (GeneAm* WinXcr/ 
Cetus). A two-primer assay was used to assay expression of the 
marker human tnmi-COLlAl gene and a three primer assay 

5' pnmer (BS83, CTCCGGCTCCTCCTCCTCTTAJwas tw- 
™f « r-Zf^A 8equences fa «*» 1 of both the human and 

SmM' the ( 3 ' P*™" (BS84, GGACAG- 
^„ w^^ G) was tar B eted to coding sequences in 

StEP 5f rg " ed t0 ««««" in exon 2 of the mouse 
■ U ?l& c ™: Conditions for PCR were 1 inin at 94°C and2 
mm at 60-C for 25 cycles in a SQ.pl reaction Sure 
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KSff T gd e,ectt °P hor «« - bribed 
S2™2L V^^ - geIs WCrc wa^cd either by autora- 
^EftS ^ J Phospnostimulable storage plate. 

in fel/S^S^ 8 * *? * *«■ ^ ™» feed 
werfo;enS ) ^^ hyde ^ fin sections of ~3 jun 
W^ P /mfw d ' ]? C S . eCtl0n ! were d « ested proteinaseK 
(6 ,«g/ml) for 45 min at SS'C (24). The marker COL1A1 

^rn7Tjf^^^> ACr) tar 8 eIed to exon 1 of the hu- 
S*.^^/^ PCR condition s were 1 min at 94'C and 

dG T. P - 2f ««M dCTP, 25 mM dATP, 15 raM dTPP and 
hem»). The products were visualized with fluor«cein<on- 

rih£!^!5j n f 0rB0,,e '"^'"'^^ Cells. To isolate bone cells, 

Sn« Sft S^rSr fronl ^ ends of the 

bones i wens cut, and the marrow was flushed out three times 
wrth 2 ml of Ice-cold ^MEM/10% FBS (24). Eight ofSS 

b ™Z ,?T f'T 1186 wert cru8hed to a "erile mortar and 
pestle in 3 ml of phosphate-buffered saline (PBS). On^rmlU 

t^TSf 6 < Bo * riB »r Mannheim; 1 mg/m0 in 7bs 
was added and the samples were incubated at 3 A toimta 
F»e nuTHUters of c-MEM/15% FBS was added, and ffe 
fragment were removed by passing the samples tSouS a 

ats*asr'- ,, -- i, » 5Si2::S: 

To isolate chondrocytes, xiphoid and articular cartilages were 
removed from the mice, adherent tissues were removed un^r a 
aoectuuj microscope, and the cartilage was minced under I 
iiSTT 56 ' ^ ^P 1 " were incubated with hyalu 
nmidase (Worthiugton; 05 mg/ml) in PBS at 3TC for 5-10 min 

couagenase (2 mg/ml) (Worthington) in PBS at 3rc for 1 h to 
re™* adherent tissues. Wash^c^W fragmenrlwere men 
digested by incubation with colfctgenase (OS me/mft in rmiw 

^Z,^ 7 ? B T^^. ^ndrocytes were recovered by 
centruugation and washed with DMEM/10% FBS. 

RESULTS 

Assays for the Marker Gene In Donor Cells. The marker eene 

ft^ « «!. ^, (19 ~ 2 ^^"P^Sthe gene were obtained 
XkZ* (k>e 73) in which the copy number 

,1 ^f" lnm, -p ae "lative to the endogenous mouscTne 
was -100:1, and the steady-state levels (rf^rStto 
hurnannum-genc relative to mRNA from the eadogenous mouse 
« e n " f t* .™w tissues (19-21). Doner ceuTf^ 
marrow partiaUy enriched for mesenchymal precursors were 

ffi^ "f 08 , pr0t0cols ( fi - 17 ) which m^Tus tr^ 

r£S^S ™C"?° I" 6 2° late<1 f d ^to culture inX 

nTStaSSPL^ 1 m ^ ^f 11 " ^ Srow* aaors that favor 
fflerepUcatonofheiralopoiedcr^ n 

2-3 days, and the foci grew rapidly into colonies over Todays 
STt^ "^^Py ( d »ta not shown), most of tiic cd^' 
wen^blast-like, mnafewiruKOTphages, endothelialcelb. S 
adipocytes were also seen. auu 

To foDow the fate of the donor cells, two PCR aaavs that 
simultaneously amplified both the human COLMl^X 
wV^T end °8 enou9 COL2A1 gene were devetoped 
^a tW0 ' primCr assay, the values for tne ratio of the human 
genes to mousegeneswere linear overa range of 10"*to »40™ 
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products from both the marker COL1A1 mini-gene and the 

the presence of mRNA from both the marker gene and 
endogenous gene (Fig. 4). S and 

in Sf^f 11,6 ™?'-8 C ?f. &r wl^SM I was more variable 
mmarrow, spken and lung (Fig. 5), tissue, fo which the rate of 
conagen I syrta is less than in bone (see ref. 18), As^cmd 
then^ene was not expressed in cartilage, a tissue tawS 
-70% die protein synthesized is colla^nbm inlS TtheK £ 
no synthesis of collagen! (see ret^To cotofijaefcol 
"P^'on of *hp marker ininVgenrin^rtihL *on- 

Asays of the ^tedd^drocyte. with both a two-prmwafd 

r^^^^T 8 - ^ m 001 de,ect transcript froi *e 
marker COL1A1 mmi-genc (data not shown). * " amine 

DISCUSSION 

Bone marrow cells that tightly adhere to plastic have been 
studied extensively (11-17) since MedcMtSn * «i (fi) dem" 



Bone DNA PCR 



Band r c^STZ, , ? ratl08of *^o DNAs were cornuaetlbyaf^orofTm Sw^LTT? mmt -& ae> ™ *° *»w cells was about 

~1WJ copies of the marker mini-gene, the two-primer assav 

three-primer assay was linear for detection of W* to 
1 donor cell per recipient cell 

i .^ff l' Do «»f «n Recipient Mice. Normal mice were 
mjected wrth a 1:6 mixture of cultured adherent eelb contain! 
fZr LT ." 61 flnd nonadherents 

received lethal irradiation indicated that after 1 dav onlv trace 
amounts of thedonor cells were present in maX?2£ 
bone tog.or bmn (Table 1). Slightly higher kv^erS 

accoSd fcr 2 WJ S i! 01 «" ^Ss 

accounted for 2.0-12% of the cells in marrow, ffrjleen bone 

S.^" ° the .? eUs m "P hoid ««aage that was dissected 
Sir r r eral,ZCd * fibrous tissue under a micro^ 
Altoough the mean values appeared to show a decrease 

£SJ T 5 mODths J Fi «- 2 )' toe was no mtlsticX 
significant decrease in the combined values for marrow 

1). Assays of nonlrradiated mice revealed only verylow knb 

To confirm that progeny of the donor cells were present in 

^cartilage by microscopic dissection followed by digestion 
a ^ £eaase - PCR indicated tSt^ogZ 
**« 1 06,18 accoUDtcd for 2.596 of the isolatedcbon 
drocytes (data not shown). 
Location of the Donor Cells in Lung. To determine whether 

wffi^ UC SCCUODS were assayed by aPCR fa rite aTsay^S 
1. 1°^ P" 1 "^ were n>ecific for the human marker.knd 
one primer was f Iuorescentry labeled (25). Tissue sectionsof 
^eaonstr^edmatprc^nyofthedonorccte 
dtttributed in the parenchyma of both alveoli and bronchi S 
3)^midar assays on sections of bone and cartilage did not 
provide convincing data because of high backgr3«amh« 
and other artifacts (date not shown). B 
A««y, for ExpresBlon of the Marker Colhigen Geneas RNA. 
To determine whether the donor cells became functional 
mesenchymal cells in the tissues theypopuStissWw, 

PCR for expression of the marker COL1A1 nuWiene^oT 
tatoed m the donor cells. In three mice ^^TuTtofTt 



1 month 
- + + * 
TIC 



1 2 3 A B ^'12 3 



5 month 



ABC 




Si " 



DEC-28-2001 16=17 



ROPES a GRAY 



P. 17 



4S60 Medical Sciences: Pereira et al 



Proc Natl Acad Sci USA 92 (1995) 




onstrated that they include a population of fibroblast precur- 
sors m addition to hematopoietic precuraors, If the adherent 
cells are cultured in the presence of hydrocortisone or other 
selective conditions (14-17, 26, 27), populations enriched for 
hematopoietic precursors or osteogenic cells are obtained. If 
cultured for -1 week under the conditions employed here, the 
predominant cells in the cultures are fibroblast-like (6 11-17) 
Assays of the cells with cytochemical markers (11, 12) or for 
raRNAs (14) indicated that the cells synthesize collagen I 
collagen HI, fibroncctin, alkaline phosphatase, and osteopon- 
tin, but most of the cells do not have features characterise of 
rnacrophages, granulocytes, T lymphocytes, B lymphocytes, or 
endothelial cells. The results here demonstrate that after 
intravenous injection into irradiated mice, the expanded cul- 



tures of adherent cells continue to replicate in vivo, and over 
a period of weeks they populate several connective tissues. The 
results also demonstrate that the cells serve as !ong*term 
precursor celhi i for these tissues, since they expressed the 
, mint-gene in a tissue-specific manner and 
were diffusely incorporated into the mesenchymal paren- 
chyma of lung Tne wide dissemination of the cells is probably 
™!? T? n !?S y ^ observations (11, 12) that the marrow 
cells mihally isolated by adherence to plastic are nonreplicat- 
ing but are activated to replicate by culture in vitro As 

caused by cttltimng of marrow ceJJs in vitro apparency con- 
tinues after the cells arc injected in vivo. y 

Smee the donor cells employed here are easily isolated and 
expanded in culture, they offer an attractive vehicle for gene 
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mi2^L £ JPV^* £ r apressioo of ihc marker hiitOBzCOlIAl 
^ wt: T. bone SNA from transonic mousewfth 
human inini^gene as control; U. ton, R^XfroTXTd 

SSSL^S^^f from three recipient irradiated nfceM 
150 days; P3 RNA from I-week cuiture of alb fmrq crushed bonVfa™, 

products 260 bp from espreasior, of the COU^SeS 

donor cells; R, RT-PCR product of 232 bp frwTejSC^^ 

L OLi47 "urn-gene mRNA was used to awrySes 
of bone and the two-primer assay that detected emission ofboXcrna 
wasused *, a^aytheculhuod bone cells. AdditiEZ areJ^PCR 
^nfaos seen * nwi reaction produce with RNA from cZS micT 

SSft ^ Uo8ra P hic transplants of expanded cultures from 
watched donors may be effective forttierapy of genetic 
diseases of collagen such as osteogenesis mSerfccS arid 
chondrodysplasias in which there is d^e^ P sS2i. ?f 
noxima collagen sec ref. 18). Gene therapy « Wva towS the 
wfh ' l^ CeUs ^ mani P^ted fa culture may be S 
for the same diseases and for diseases caused by deficiencies of 

£ZSE*2 Pr °, teill , S - aUCh « &ctor Vnl «d factor 
hemophflia. X-ray irradiation of recipient mice was necessary 

V?***?™™** dffrtx* here, and the need for marrow 
£ ? ? SRS"* »?P«««tton of the strategy. However/Stew- 
221? ■ ^ hOTC ob*™* that unusually largo and repeated 
administranons of whole marrow ceuTproduced Inwenn 
Zf^T Cat of hcmat0 P° ietic precursors into mice that had 
not undergone marrow ablation. Also, Bienzle et al (27) used 
marrow cells that were actrvateToy long-.eirn cuW S 




• R J -PCR «** marrow, spleen, and lung from Imidi- 
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p<^entjy populate hematopoietic cells in dogs without 
™"*f°». teg* and repeated adminSJa 
tons of cnitoa enriched &r mesenchyme ^ursor^^ay 

c™?JL^f ^ "* to ^ectrvoly populaTnZy 
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